Interferon tau (IFNT), the pregnancy recognition signal in ruminants, abrogates the uterine luteolytic mechanism to ensure maintenance of function for the corpora lutea to produce progesterone (P4). IFNT also suppresses expression of classical IFN-stimulated genes by uterine lumenal epithelium (LE) and superficial glandular (sGE) epithelium but, acting in concert with progesterone, affects expression of a multitude of genes critical to growth and development of the conceptus. The LE and sGE secrete proteins and transport nutrients into the uterine lumen necessary for conceptus development, pregnancy recognition signaling, and implantation. Secretions include arginine and secreted phosphoprotein 1 (SPP1). Arginine can be metabolized to nitric oxide and to polyamines or act directly to activate the mechanistic target of rapamycin cell signaling pathway to stimulate proliferation, migration, and mRNA translation in trophectoderm cells. SPP1 binds alphavbeta3 and alpha5beta1 integrins to induce focal adhesion assembly, adhesion, and migration of conceptus trophectoderm cells during implantation. Thus, arginine and SPP1 mediate growth, migration, cytoskeletal remodeling, and adhesion of trophectoderm essential for pregnancy recognition signaling and implantation. This minireview focuses on components of histotroph that affect conceptus development in the ewe.
Estimates of embryonic death loss in livestock species and in humans range from 20% to 40%, with two-thirds of the losses occurring during the peri-implantation period [1, 2] . Failed implantation is a major limiting factor in assisted reproduction in humans that accounts for 50% to 75% of failures to establish pregnancy. An understanding of the intrauterine environment and molecular mechanisms responsible for embryonic deaths and failures of implantation is necessary if clinicians and producers of food animals are to enhance fertility by reducing early pregnancy losses [3] .
In humans, the window of implantation that exists between Days 20 and 24 of the menstrual cycle are marked by expression of genes in both the uterus and the conceptus (embryo/fetus and its associated membranes) that are considered critical to development of the conceptus and successful implantation. These molecules include heparin-binding epidermal growth factor (HBEGF), integrins such as avb3, L-selectin, cadherin 11 (CDH11), interleukin 1-beta (IL1B), leukemia inhibiting factor (LIF), and calcitonin (CALCA), as well as the loss of receptors for progesterone (PGR) and estradiol-17b (ESR1) by uterine epithelium [4] . Similarly, forkhead box O1a (FOXO1A), matrix metalloprotein 3 (MMP3), prolactin (PRL), and insulin-like growth factor 2 (IGF2) and IGF1R are key molecules for successful implantation [3, 5] . However, little is known about key molecules in the uterine lumenal fluid that are critical to growth, development, and implantation of blastocysts. Discovery of mechanisms responsible for conceptus-endometrium interactions required for secretion or transport of these key molecules during early pregnancy is essential for translational research and development of strategies to enhance reproductive success in humans and animals. The ewe is used extensively in research relevant to human and animal reproduction. The ovine conceptus exists in a free-floating state prior to elongation and superficial implantation prior to placentation. Consequently, interactions between conceptus trophectoderm and the complex mixture of molecules secreted into or transported into the uterine lumen can be evaluated over a protracted period of time in order to identify factors that influence survival, growth, development, and implantation of the conceptus, as shown in Figure 1 .
Elongation of the conceptus in sheep and other livestock species precedes attachment of trophectoderm to uterine lumenal epithelium (LE) that leads to a mosaic of interactions between integrins and extracellular matrix (ECM) proteins, which contribute to stable adhesion during implantation and placentation [6] . The rationale for our research is based on the fact that embryonic mortality is a major constraint to improving reproductive efficiency and profitability in livestock enterprises. Therefore, we have focused on hormonal, cellular, and molecular mechanisms whereby secretions from uterine epithelia and nutrients transported into the uterine lumen enhance growth, development, and survival of the ovine conceptus [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
The mechanistic target of rapamycin (MTOR) cell signaling pathway is a ''nutrient sensing'' pathway required for conceptus development in mice, as homozygous Mtor null mice die shortly after implantation due to impaired cell proliferation and hypertrophy in both the embryonic disc and trophoblast [18] . However, little is known about the regulation of MTOR signaling in the conceptus of any livestock species. We previously reported that arginine increases the abundance of nitric oxide synthase 3 (NOS3), ornithine decarboxylase (ODC1), GTP cyclohydrolase 1 (GCH1), and interferon tau (IFNT) in an established ovine trophectoderm (oTr) cell line and in ovine conceptus explant cultures by increasing the abundance of phosphorylated forms of MTORC1, ribosomal protein S6 kinase (RPS6K), and ribosomal protein S6 (RPS6) and by inactivating eukaryotic translation initiation factor 4e-binding protein 1 (EIF4EBP1) to increase initiation of translation for protein synthesis [15] [16] [17] . Additionally, arginine and secreted phosphoprotein 1 (SPP1) induce MTORC1 cell signaling in oTr cells [8] . The MTORC1 complex includes FKBP12-rapamycin complex-associated protein 1(FRAP1), regulatory-associated protein (RAPTOR), and G protein beta subunit-like (GBL) protein (also known as MLST8), while MTORC2 includes the same proteins except that RAPTOR is replace by rapamycin-insensitive companion of MTOR (RICTOR). Therefore, this minireview focuses on the evolutionarily conserved MTORC1 pathway in the ovine conceptus that controls cell growth and proliferation and expression of metabolism-related genes and, only briefly, discusses
FIG. 1. A)
Oocytes fertilized in the oviduct enter the uterus at the morula stage and advance developmentally after hatching from the zona pellucida to spherical blastocysts that then transition to the large spherical, tubular, and filamentous conceptus (the embryo and its extraembryonic membranes) with IFNT, the pregnancy recognition signal secreted from mononuclear trophectoderm cells between Days 10 and 21 of pregnancy. B) Endometrial epithelia cease expressing receptors for PGR due to autoregulation by progesterone, while IFNT silences expression of receptors for ESR1 and OXTR to abrogate development of the mechanism for oxytocin-mediated pulsatile release of PGF, which would otherwise cause regression of the corpus luteum and cessation of their secretion of progesterone. Endometrial stromal fibroblasts express PGR and secrete progestamedins, particularly FGF10, that regulate uterine epithelium cell function. With down-regulation of PGR in uterine epithelia, uterine LE and sGE express genes that are either induced by progesterone (P4) or induced by P4 and further stimulated by IFNT. Furthermore, IFNT induces expression of IRF2 in uterine LE and sGE to silence expression of classical IFN-stimulated genes and allows expression of a unique set of genes that promotes conceptus growth and development. Endometrial GE cells and stromal fibroblasts do not express IRF2 and, therefore, express classical IFN-stimulated proteins. Collectively, molecules secreted by uterine epithelia or transported into the uterine lumen by uterine epithelia form histotroph required for conceptus development. C) The ovine conceptus undergoes the adhesion cascade for implantation.
MTORC2
, which is associated with cytoskeletal reorganization, thought to be regulated primarily through arginine-and SPP1-dependent activation of the MTORC2 pathway.
The MTORC1 cell signaling pathway ( Fig. 2 ) has emerged as a critical component of cell signaling cascades induced by SPP1 and arginine in ovine conceptus trophectoderm [8] . Our findings have helped elucidate new mechanisms responsible for conceptus-endometrium interactions during pregnancy. This knowledge will provide the framework for hypothesisdriven translational research and development of strategies to enhance reproductive efficiencies in animal agriculture. The use of supplemental dietary arginine to enhance development, growth, and survival of the conceptus has significant implications as a means to improve fetal programming of neonatal and adult health and well-being, as well as productivity of ruminant production enterprises. It should also be noted that other nutrients are involved in metabolic pathways, including glucose, leucine, glutamine, citrulline, and arginine, in multiple organs and cell types including those of the uterus and conceptus (Fig. 3) .
HISTOTROPH IN THE OVINE UTERINE LUMEN

Secretions of Uterine Glands and Pregnancy
Uterine epithelia, particularly uterine superficial glandular epithelium (sGE) and mid-to deep-gland epithelium, selectively transport or synthesize and secrete substances into the uterine lumen that are collectively known as histotroph. Histotroph includes nutrient transport proteins, ions, mitogens, cytokines, lymphokines, enzymes, hormones, growth factors, proteases and protease inhibitors, amino acids, glucose, fructose, vitamins, and other substances [19] [20] [21] . Although humans have invasive implantation, production of histotroph by uterine GE is a primary source of nutrition for conceptus development during the first trimester of pregnancy, before hematotrophic nutrition is established [22] .
In sheep, histotroph is essential to the development of the conceptus throughout pregnancy. The adult uterine gland knockout ewe model was used to establish the fact that ewes lacking uterine glands are unable to experience normal estrous cycles or to support development of the conceptus beyond the preimplantation stage of pregnancy [20, 23] . The conceptus in a uterine gland knockout ewe fails to undergo transition from a FIG. 2. Select nutrients, IGF2 and SPP1, stimulate MTOR cell signaling, affecting essential physiological events for early pregnancy. Arginine, leucine, glutamine, and glucose (select nutrients) can stimulate MTORC1 cell signaling, and arginine may also stimulate MAPK3/1. The overall effect is that select nutrients and SPP1 and IGF2 affect cell proliferation, migration, mRNA translation, and adhesion of conceptus trophectoderm for elongation and implantation. SPP1 acts via its RGD sequence to bind integrin heterodimers avb3 and a5b1 to induce focal adhesions, as well as MTOR, MAPK14, and MAPK3/1 cell signaling to primarily affect cell adhesion and migration. These events are essential for conceptus elongation and adhesion during the periimplantation period of early pregnancy. This working model summarizes pathways whereby select nutrients and SPP1 and IGF2 activate cell signaling pathways involving AKT1, TSC1/2, and MTORC1 (cell proliferation, migration, and mRNA translation) and/or MTORC2 (cell migration, cell survival, and cytoskeletal organization) to affect conceptus development as it transitions from spherical to tubular and filamentous forms that can signal pregnancy recognition and undergo implantation and placentation. spherical to tubular and filamentous form between Days 11 and 12 and 21 of pregnancy or to secrete sufficient IFNT for pregnancy recognition signaling [23] .
Progesterone, IFNT, and Progestamedins
Ovine IFNT, the signal for pregnancy recognition in ruminants, exerts multiple effects on the uterus that are required for establishment and maintenance of pregnancy [24, 25] . First, IFNT abrogates the uterine luteolytic mechanism to ensure maintenance of ovarian corpora lutea to produce progesterone (P4), the hormone essential for establishment and maintenance of pregnancy. In its role as the antiluteolytic hormone, IFNT silences ESR1 transcription and estrogendependent expression of the oxytocin receptor (OXTR) gene in uterine LE/sGE, which abrogates development of the endometrial luteolytic mechanism that requires oxytocin-induced release of luteolytic pulses of prostaglandin F 2a (PGF) by uterine LE/sGE [25] . Basal production of PGF is higher in pregnant ewes than in cyclic ewes due to continued expression of the prostaglandin endoperoxide synthase 2 (PTGS2) protein [25] .
The second important function of IFNT is related to silencing ESR1 expression to prevent estrogen-induced PGR expression in endometrial epithelium, which is a prerequisite for implantation. Progesterone is permissive to actions of IFNT and other hormones secreted by the trophectoderm/chorion on uterine epithelium. The paradox is that cessation of expression of PGR and ESR1 by uterine epithelium is a prerequisite for uterine receptivity to implantation and the expression of genes by uterine LE/sGE and GE for secretion of proteins and transport of molecules into the uterine lumen, required for conceptus development [24, 25] . These genes may be induced by P4 or IFNT alone or may be induced by P4 and further stimulated by IFNT in uterine LE/sGE, GE, and stromal cells (Table 1) . Down-regulation of PGR in uterine LE results in loss of MUC1 as a prerequisite for attachment of conceptus trophectoderm to uterine LE for initiation of implantation [26] . We hypothesize that silencing of PGR expression in uterine epithelium is preceded by P4 actions via PGR-positive uterine stromal cells to induce expression of one or more progestamedins (e.g., fibroblast growth factor-7 [FGF7] and FGF10 and hepatocyte growth factor [HGF]) in the ovine uterus. Each of these growth factors can potentially exert paracrine effects on uterine LE/sGE, GE, and conceptus trophectoderm that express receptors for FGF7 and FGF10 (FGFR2IIIB) and HGF (MET; MET proto-oncogene); however, in ewes, FGF10 appears to be the primary progestamedin expressed by uterine stromal cells [27] [28] [29] .
Interferon tau and P4 stimulate expression of genes during the peri-implantation period of pregnancy in ewes ( Table 1) . The WNT7A gene is induced by IFNT alone in uterine LE/sGE [30] , while P4 alone induces expression of (1) endogenous Jaagsiekte retrovirus in LE/sGE and GE [31] ; (2) MET in LE/ sGE and GE [29] ; (3) GLYCAM1 in LE/sGE [32] ; (4) MUC1 in LE [33] ; and (5) PRLR in GE [34] (Table 1 ). In addition, P4 and placental lactogen (CSH1) induce expression of serine protease inhibitor and calcium binding proteins (STC1 and STC2) in uterine GE [35] .
Genes induced by P4 and further stimulated by IFNT in uterine LE/sGE include (1) morphogens (GRP, IRF6) [36, 37] ; (2) proteases (CSTL) [38] ; (3) protease inhibitors (CST3) [39] ; (4) mediators of cell migration and adhesion including SPP1 [40, 41] , galectin 15 (LGALS15) [42] , periostin (POSTN) [43] , TABLE 1 . Genes expressed by ovine uterine lumenal (LE) and superficial glandular (sGE) and glandular (GE) epithelia in response to progesterone (P4) and/or interferon tau (IFNT) and placental lactogen (CSH1). UTERINE HISTOTROPH AND CONCEPTUS DEVELOPMENT and IGF binding protein 1 (IGFBP1) [29, 44] ; (5) hypoxiainducible factors (HIF1A and HIF2A [official symbol EPAS1]) [45] that stimulate angiogenesis and erythropoiesis; (6) hydroxysteroid dehydrogenase 11B (HSD11B1) [46] , which mediates corticosterone metabolism and expression of glucocorticoid receptors (GCCR [official symbol NR3C1]); (7) synthesis of prostaglandins (PTGS2) [47] ; and (8) IFN regulatory protein 2 (IRF2), a potent repressor of transcription [48] . The uterine LE/sGE in closest proximity to or adhered to conceptus trophectoderm expresses these unique genes because IFNT induces IRF2 expression in those cells to silence ESR1, STAT1, STAT2, and IRF9 expression [48, 49] . Therefore, this unique set of genes is expressed by uterine LE/sGE in response to P4 and IFNT, although these cells lack both STAT1 and IRF9 (Table 2 ). Uterine LE/sGE likely respond to P4 via uterine stromal cell-derived progestamedin, particularly FGF10; therefore, effects of IFNT are mediated via a JAK/ STAT-independent cell signaling pathway [50] . Progesterone stimulates both HGF and FGF10 expression by ovine uterine stromal cells (Table 2 ). Recent reviews provide insight into the roles of proteins encoded by genes expressed by ovine uterine LE/sGE that are induced by IFNT or P4 or by the combined actions of P4 and IFNT [6, 21, 24, 25, 51, 52] . Many classical IFN-stimulated genes (ISG) expressed by uterine stromal cells and GE that do not express IRF2 include STAT1, STAT2, and IRF9 (Table 2 ). Uterine GE (PGRnegative) and stromal cells (PGR-positive) respond to P4 directly (uterine stromal cells) or indirectly via a progestamedin(s) (uterine GE) as well as IFNT via the JAK/STAT cell signaling pathway [50] . The consequence is expression of genes involved in (1) antiviral responses (e.g., IFIT1, ISG27, GBP2, DDX58, PLSCR1, RSAD2, IFIH1, MHC, B2M, OAS1, IRF1, MX1); (2) cell signal transduction (e.g., STAT1, STAT2, IRF9, IRF1); (3) ubiquitination of proteins (ISG15); and (4) immunoregulatory responses (IL6ST), as summarized in Table  2 . In addition, P4 induces and IFNT further stimulates expression of MCP1 and MCP2 by resident uterine eosinophils to increase monocyte chemotaxis [53] . Ovine uterine epithelia also express genes for transport of glutamine, cationic amino acids, and neutral amino acids, regulation of which by P4, IFNT, and other products of the conceptus remains to be determined (Table 3) .
SELECT NUTRIENTS IN OVINE UTERINE HISTOTROPH
Differential effects are produced by leucine, arginine, glutamine, glucose (select nutrients), and SPP1on proliferation, migration, adhesion, and focal adhesion assembly by trophectoderm cells. These effects are critical to the transition from spherical to tubular ovine blastocysts and to the filamentous conceptus capable of pregnancy recognition signaling and implantation. The select nutrients and SPP1 regulate these processes by activating MTORC1 cell signaling and focal adhesion assembly, respectively. Uterine epithelial and stromal cells express a multitude of genes essential for uterine blood flow, water and electrolyte movement, transport of sugars and amino acids into the uterine lumen, and secretion of proteins by uterine epithelial cells. An individual conceptus may fail to develop or fail to develop normally if it does not respond to components of histotroph that orchestrate key developmental events during the peri-implantation period of pregnancy. It is important to recognize that there are metabolic pathways that allow glutamine to be metabolized to glucose and to leucine, citrulline, and arginine (Fig. 2) . Therefore, the failure of glutamine to directly stimulate MTORC1 may be due to its metabolism to another of the select nutrients that does stimulate this nutrient sensing pathway. 
Historical Perspective
Nutrients in uterine histotroph, such as glucose, fructose, and amino acids, may affect conceptus development during the peri-implantation period; however, specific effects of these nutrients on development of the conceptus have received little attention. Glucose and fructose are present in the intrauterine environment of many species but particularly those with epitheliochorial and synepitheliochorial placentae. Total glucose recovered from uterine flushings is greater in pregnant pigs than in cyclic pigs but only after Day 12 of pregnancy, when increases in both glucose and fructose are coordinate with and assumed to contribute to survival, growth, and development of the conceptus [54] . Glucose activates MTOR cell signaling in the pig conceptus [55] [56] [57] . With activation of the embryonic genome, metabolism switches from utilization of lactate and pyruvate to glucose, and, with formation of the blastocyst, there is an increase in glucose consumption that requires expression of glucose transporters by the conceptus [54] [55] [56] [57] . Glucose is transported across cell membranes by sodium-dependent and energy-independent transporters, but there is no evidence for sodium-dependent transport of glucose by mammalian embryos [54] . In ewes, glucose recovered from uterine flushings increases significantly between Days 10 and 15 of pregnancy but not during the estrous cycle [17] .
Gwatkin [58] reported that mouse blastocysts were arrested in development when maintained for 5 days in culture medium lacking arginine, lysine, and histidine, which suggested that blastocyst expansion and implantation are controlled in vivo by the presence of these specific amino acids in the uterine lumen. His speculation was validated by results indicating that mouse blastocysts require the presence of either leucine or arginine to exhibit expansion, motility, and outgrowth of trophectoderm required for implantation [59, 60] . Both leucine and arginine initiate cell signaling via either the serine-threonine kinase or MTOR pathway to regulate protein synthesis and catabolism and increase expression of IGF2 [61] , NOS [59] , and ODC mRNAs [62] . Studies of mouse and human blastocysts have revealed at least 14 amino acid transporters in the pregnant uterus, but the leucine-selective system B 0,þ likely controls uptake of leucine and other amino acids that induce MTOR signaling critical to conceptus development [59, 60] . This may allow the conceptus and uterus to coordinate differentiation of trophectoderm with development of uterine epithelium receptive to implantation. For example, arginine can be converted to ornithine by arginase and ornithine converted to putrescine by ODC1 [63] . Polyamines stimulate proliferation and migration of trophectoderm cells and are required for transition of mink blastocysts, in delayed implantation, from diapause to an activated state for expansion and implantation [64, 65] . Arginine can also be metabolized to NO by NOS, and NO stimulates proliferation and migration of oTr cells [11] . Arginine may stimulate other cell signaling pathways, such as RAC activation [66] , to stimulate cell proliferation and migration. Arginine can also activate mitogen-activated protein kinase/extracellular-signal-regulated kinase (MEK/ERK) signaling, but the mechanism(s) whereby arginine activates MTORC1/MTORC2 and/or MEK/ERK remains to be determined [67] .
Glucose in Uterine Histotroph
Glucose in ovine uterine lumenal fluid is 6-fold increased between Days 10 and 15 of gestation but not during the estrous cycle [17] . Therefore, changes in expression of transporters by uterine epithelia that transport glucose from maternal blood into the uterine lumen and by transporters that transport glucose from the uterine lumen into the conceptus were examined. Glucose transporters, their cell-specific expression, and regulation of their expression by P4 and IFNT are summarized in Table 4 [16] . The SLC2A1 and SLC5A1 mRNAs and proteins were most abundant in uterine LE/sGE, whereas SLC2A4 mRNAs were present in uterine stromal cells and GE. Expression of SLC5A11 mRNA was greatest in uterine GE, but SLC2A3 mRNA was not detectable in the uterus. The SLC2A1, SLC2A3, SLC2A4, SLC5A1, and SLC5A11 transporters were expressed in both trophectoderm and endoderm of the ovine conceptus, but SLC2A3 expression was most abundant. Steady-state levels of SLC2A1, SLC5A1, and SLC5A11 mRNAs but not SLC2A4 mRNA were greater in uteri from UTERINE HISTOTROPH AND CONCEPTUS DEVELOPMENT pregnant ewes than those from cyclic ewes. Progesterone increased expression of SLC2A1, SLC5A11, and SLC2A4 mRNAs in LE/sGE and that of SLC5A1 mRNAs in GE of ovariectomized ewes, while SLC5A1 expression was inhibited by ZK136,317 (progesterone receptor antagonist), and the combination of ZK136,317 and IFNT further decreased expression in uterine GE. In contrast, P4 induced and IFNT further stimulated SLC2A1 and SLC5A11 expression, and these effects were blocked by ZK136,317. Thus, P4 induced and IFNT further stimulated both a facilitative (SLC2A2) expression and a sodium-dependent (SLC5A11) glucose transporter, while P4 alone increased expression of a sodium-glucose (SLC5A1) cotransporter in ovine uterine LE/sGE. However, SLC2A3 is the most abundant transporter of glucose in the ovine conceptus during the peri-implantation period of pregnancy.
Effects of Pregnancy on Total Amino Acids in the Ovine Uterine Lumen
Total recoverable amounts of arginine, glutamine, leucine, aspartic acid, glutamic acid, asparagine, histidine, alanine, tyrosine, tryptophan, methionine, valine, phenylalanine, lysine, cysteine, and proline are greater in uterine flushings from pregnant ewes than in those from cyclic ewes between Days 10 and 16 after onset of estrus [17] . In cyclic ewes, there were only modest changes in total recoverable amounts of asparagine, citrulline, tyrosine, tryptophan, methionine, valine, and cysteine between Days 10 and 16. In pregnant ewes, recoverable amounts of arginine, glutamine, glutamic acid, glycine, cysteine, leucine, and proline in uterine flushings were 3-to 23-fold increased between Days 10 and 14 and remained high to Day 16. Of particular interest were increases in arginine, leucine, and glutamine recovered from uterine flushings of pregnant ewes between Days 10 and 16 of pregnancy. These novel results indicated activation of pregnancy-associated mechanisms for transport of amino acids into the uterine lumen and provided a framework for studies of their effects on nutrient sensing cell signaling pathways associated with growth, development, and survival of the conceptus. After we completed these studies, expression of transporters for the various classes of amino acids by uterine epithelia and conceptus and regulation of their expression by P4 and/or IFNT were determined.
Cationic Amino Acid Transporters
Expression of transporters of arginine, a cationic amino acid known to affect conceptus growth and development [59, 60] , was examined with a focus on system y þ cationic amino acid transporters [15] . Expression of SLC7A1 mRNA was greatest in uterine LE/sGE on Day 16 of the estrous cycle and from Days 16 to 20 of pregnancy, whereas expression levels of SLC7A2 mRNA were most abundant in uterine LE/sGE and uterine GE between Days 14 and 20 of gestation. Both SLC7A1 and SLC7A2 expression levels were greater in pregnant ewes, but SLC7A3 expression was not affected by day or pregnancy status. The trophectoderm and endoderm of the ovine conceptus expressed SLC7A1, SLC7A2, and SLC7A3 mRNAs. In ovariectomized ewes, P4 stimulated SLC7A1 expression in uterine LE/sGE and GE, and IFNT tended to increase SLC7A1 abundance in uterine LE/sGE. Expression of SLC7A2 mRNA was 4.1-fold increased in response to P4 and an additional 1.7-fold in response to IFNT in uterine LE/sGE. These effects were ablated by a progesterone receptor antagonist. Thus, there are coordinate changes in SLC7A1, SLC7A2, and SLC7A3 expression in ovine uteri and conceptuses for transport of arginine into the pregnant uterus and conceptuses [15] .
Pathways for Arginine Stimulation of Conceptus Development
Arginine can be metabolized to NO by NOS and to ornithine and polyamine by arginase and ODC1, respectively (Fig. 4) . Both NO and polyamines are critical for implantation and development of the conceptus [63] [64] [65] . Therefore, effects at the day after onset of estrus, pregnancy status, P4, and IFNT on NOS1, NOS2A, NOS3, and GCH1 expression, the key enzyme in de novo synthesis of tetrahydrobiopterin (a cofactor for all NOS isoforms in production of NO), and the ODC1 gene in the ovine uterus were determined. NOS1 and ODC1 mRNAs and proteins were most abundant in uterine LE/sGE of pregnant ewes. Expression levels of NOS2A, GCH1, and NOS3 mRNAs were very low in uterine epithelia and stromal cells of both cyclic and pregnant ewes. For conceptuses, expression levels of NOS1 mRNA and protein were low, but NOS3 mRNA and protein were abundant in trophectoderm and endoderm of conceptuses, as were phosphorylated forms of inhibitory NOS1 protein and stimulatory NOS3 protein. Expression of GCH1 mRNA was abundant in trophectoderm and endoderm of conceptuses between Days 13 and 15 of pregnancy but then decreased as ODC1 mRNA increased in conceptuses between Days 13 and 18 of pregnancy. GCH1 protein was localized primarily in nuclei of trophectoderm and endoderm cells, and its abundance decreased after Day 14 of pregnancy, whereas ODC1 protein was more abundant in trophectoderm than in endoderm between Days 13 and 18 of pregnancy. Progesterone stimulated NOS1 and GCH1 expression in LE/sGE and GE, while IFNT inhibited NOS1 expression in these cells. Thus, biosynthesis of NO and polyamines from arginine in ovine uteri and conceptuses is likely regulated at transcriptional, translational, and posttranslational levels by enzymes in the uterus and the conceptus that favor conceptus development and implantation.
Transporters for Neutral and Acidic Amino Acids in Ovine Uteri and Conceptuses
The abundance of neutral and acidic amino acids in the uterine lumen of ewes increase significantly during the periimplantation period of pregnancy [14] , as does expression of mRNAs for their transporters. Expression of SLC1A2, SLC1A3, SLC3A1, SLC6A14, SLC6A19, SLC7A6, SLC38A3, and SLC38A6 mRNAs is weak in ovine uteri, but SLC1A4, SLC1A5, SLC7A8, and SLC43A2 mRNAs are expressed in uterine LE/sGE and/or GE, and SLC1A1 and SLC7A5 mRNAs are most abundant in LE/sGE and GE. In uterine stromal cells, SLC1A3 and SLC38A4 mRNAs were most abundant. Expression of SLC1A5 mRNA was greater in uteri of pregnant ewes than that in cyclic ewes, and expression was induced by P4 and further stimulated by IFNT in uterine LE/sGE. Endometrial SLC1A1, SLC7A5, and SLC43A2 mRNAs exhibited both temporal and cell-specific changes (Table 3) . Several (e.g., SLC6A19, SLC7A5, SLC7A6, and SLC43A2) mRNAs for transport of neutral and acidic amino acids were expressed in trophectoderm, while others (SLC1A4, SLC1A5, SLC6A19, SLC7A5, SLC7A6, SLC7A8, and SLC43A2) were more abundant in endoderm of conceptuses. These results indicate temporal and cell-specific changes in expression of transporters for neutral and acid amino acids into the uterine lumen during pregnancy and for their transport into the conceptus that affect growth, development, and survival. Except for that of SLC1A5 mRNA, regulation of expression of these classes of transporters remains to be determined.
Expression of mRNAs and Proteins for MTOR Cell Signaling
The effect of the select nutrients on the nutrient sensing cell signaling MTORC1 pathway was of great interest. FRAP1 is a common component of MTORC1 and MTORC2 cell signaling pathways. The MTORC1 pathway was of initial interest as it leads to proliferation, migration, and mRNA translation in cells; however, current studies focused on MTORC2, which is associated with cell cytoskeletal changes in cells that may be critical to the transition from spherical to tubular and filamentous forms of the ovine conceptus. Consequently, effects of the day of estrous cycle and pregnancy and P4 and IFNT on FRAP1 expression and proteins in the MTORC1 and MTORC2 cell signaling pathways were determined [12] . Expression of FRAP1, MLST8, MAPKAP1 (mitogen-activated protein kinase-associated protein 1), RAPTOR (unique to MTORC1), RICTOR (unique to MTORC2), TSC1 ( tuberous   FIG. 4 . L-Arginine in histotroph is the substrate for synthesis of NO by NOS and polyamines via arginase and ODC1, required for survival, development, implantation, and angiogenesis of ovine conceptuses. Inhibition of the NOS pathway by L-NAME, a NOS inhibitor, partially inhibits NO-dependent proliferation of oTr cells. Putrescine also stimulates proliferation of oTr cells, and this effect can be partially inhibited by Nor-NOHA, an inhibitor of arginase. Arginine increases the abundance of phosphorylated forms of FRAP1, RPS6K, and EIF4EBP1 in oTr cells, which increases protein synthesis and reduces protein degradation in oTr cells. Thus, arginine enhances production of NO and polyamines and activates MTOR/FRAP1-RPS6K-RPS6 nutrient cell signaling pathway to increase proliferation and migration of oTr cells. GTP, guanosine triphosphate; GCH1, GTP cyclohydrolase I; BH2, dihydropterin; BH4, tetrahydropterin; Cit, citrulline.
UTERINE HISTOTROPH AND CONCEPTUS DEVELOPMENT sclerosis 1), TSC2, RHEB (ras homolog enriched in brain) and EIF4EBP1 mRNAs were expressed in uterine LE/sGE, GE, and stromal cells of cyclic and pregnant ewes, as well as in trophectoderm and endoderm of conceptuses between Days 13 and 18 of pregnancy. However, expression of only MLST8, MAPKAP1, RHEB, and EIF4EBP1 mRNAs increased, primarily in uterine LE/sGE and GE, with advancing days of pregnancy. Similarly, in ovariectomized ewes, P4 and IFNT stimulated RHEB and EIF4EBP1 expression primarily in uterine LE/sGE and GE. Total endometrial FRAP1 and phosphorylated FRAP1 proteins tended to be more abundant in pregnant ewes, and phosphorylated FRAP1 protein was detected in nuclei of uterine epithelia and conceptuses. In uteri of pregnant ewes, increases in abundance of RICTOR, RHEB, and EIF4EBP1 mRNAs and in RHEB protein were coordinate with rapid conceptus growth and development during the periimplantation period of pregnancy. These results indicate that key transcripts for proteins in the nutrient sensing MTORC1 and MTORC2 cell signaling pathways exist in ovine uteri and conceptuses and support our hypothesis that arginine, leucine, glutamine, and glucose activate MTORC1 cell signaling to stimulate proliferation, migration, and mRNA translation by trophectoderm cells. These effects are essential for growth and development of the conceptus, as well as for cross-talk between the uterus and conceptus for pregnancy recognition signaling, growth, and development of the conceptus and implantation.
Select Nutrients Stimulate MTORC1 Cell Signaling
An established oTr cell line from Day-15 ovine conceptuses was used to determine effects of select nutrients on MTORC1 cell signaling [7, 8] . Arginine, leucine, and glucose, but not glutamine (in the absence of glucose), increased the abundance of phosphorylated forms of V-AKT murine thymoma viral oncogene homolog 1 (pAKT1), ribosomal protein S6 kinase (pRPS6K), and ribosomal protein S6 (pRPS6) proteins within 15 to 30 min after treatment, and the effect was sustained for up to 60 min. Arginine increased pRPS6K protein in nuclei of oTr cells, but neither leucine nor glucose had this effect. There was also abundant pRPS6 protein in the cytoplasm of oTr cells treated with arginine, leucine, and glucose, where it can associate with ribosomes to stimulate translation of mRNAs to proteins. Furthermore, arginine, leucine, and glucose increased both proliferation and migration of oTr cells [9] . Arginine, leucine, and glucose, but not glutamine, coordinately activated AKT1-MTORC1 and RPS6K-RPS6 cell signaling pathways to stimulate proliferation and migration as well as mRNA translation by oTr cells.
Pathways for Effects of Arginine Stimulation of oTr Cells
During the peri-implantation period in sheep, L-arginine (arginine) in histotroph is the substrate for synthesis of NO by NOS and polyamines via arginase and ODC1 required for survival and development of ovine conceptuses (Fig. 3) . However, D-arginine exerted none of the effects mediated by Larginine on oTr cells [10] . Because arginine stimulates hypertrophy, hyperplasia, and differentiation of oTr cells, the signaling pathways mediated by arginine were studied. Two NO donors, S-nitroso-N-acetyl-DL-penicillamine (SNAP) and diethylenetriamine (DETA), and putrescine (precursor for spermidine and spermine) stimulated oTr cell proliferation, and inhibition of the NOS pathway by L-N G -nitroarginine methyl ester hydrochloride (L-NAME; an inhibitor of NOS) partially inhibited NO-dependent proliferation of oTr cells. Putrescine also stimulated proliferation of oTr cells, and this effect was partially inhibited by N x -hydroxy-nor-arginine (nor-NOHA), an inhibitor of arginase. Arginine increased the abundance of phosphorylated forms of FRAP1, RPS6K, and EIF4EBP1 in oTr cells. Consistent with activation of these cell signaling molecules, arginine increased protein synthesis and reduced protein degradation in oTr cells. Of particular interest regarding effects on protein synthesis was the finding that arginine increased production of IFNT by oTr cells. Thus, arginine enhances production of NO and polyamines and activates the MTOR/FRAP1-RPS6K-RPS6 nutrient cell signaling pathway to increase proliferation and migration of oTr cells [10] .
In addition to regulation of mRNA translation, components of MTORC1 may shuttle between the nucleus and cytoplasm of oTr cells to affect ribosome biogenesis, macroautophagy, and/or transcription as arginine increases the abundance of phosphorylated FRAP1 and RPS6K in nuclei of oTr cells [10, [68] [69] [70] [71] [72] . Arginine also increases the abundance of phosphorylated EIF4EBP1 in nuclei of oTr cells, and this effect is inhibited by rapamycin, an inhibitor of FRAP1. The presence of pEIF4EBP1 in the cytoplasm and in the nucleus of oTr cells is consistent with reported results [73] [74] [75] [76] . While the mechanistic background of EIF4EBP1 nuclear localization has not been elucidated, one of its target proteins, EIF4E, is a nuclear regulator of export of RNAs involved in proliferation and growth of cells [76] .
Confirmation of Effects of Arginine by Using Ovine Conceptus Explant Cultures
The phenotype of oTr cells may differ from that of ovine conceptuses in explant culture; therefore, the effects of select nutrients on MTOR cell signaling, gene expression, and protein synthesis were evaluated in explant cultures of ovine conceptuses from Day 16 of pregnancy [11] . Conceptuses were cultured with arginine, leucine, glutamine, or glucose for 18 h and then analyzed for abundance of FRAP1, RPS6K, RPS6, EIF4EBP1, IFNT, NOS2, NOS3, GCH1, and ODC1 mRNAs and proteins. Abundance levels of FRAP1, RPS6K, RPS6, and EIF4EBP1, IFNT, NOS2, NOS3, and ODC1 mRNAs were not affected by any of the select nutrients. However, GCH1 mRNA increased in response to arginine. Importantly, each of the select nutrients increased the abundance of phosphorylated FRAP1, RPS6K, RPS6, and EIF4EBP1 proteins, as well as that of NOS and ODC1 proteins, but only arginine increased the abundance of IFNT protein. These findings indicate that arginine, leucine, glutamine, and glucose stimulate translation of mRNAs as predicted based on the function of the MTORC1 cell signaling pathway that increases synthesis of proteins through phosphorylation and activation of components of MTORC1. Increases in the abundance levels of IFNT protein (the pregnancy recognition signal), the NOS2, NOS3, and GCH1 proteins for conversion of arginine to NO, and ODC1 protein for synthesis of polyamines are important for growth and development of the ovine conceptus during pregnancy. It should be noted that arginine, proline, and methionine are more abundant in pregnant ewes than in uteri of cyclic ewes between Days 10 and 16 of pregnancy [17] . Each of those amino acids can be used via several metabolic pathways [54] to synthesize polyamines that are important for activation of blastocyst growth and development [64, 65] and placental development in sheep [77] and pigs [78] . Polyamines can bind RNA, DNA, nucleotide triphosphates, proteins, and other negatively charged molecules to regulate gene expression, signal transduction, and ion channel function, as well as DNA and protein 1102 synthesis [77] . Polyamines are also endogenous scavengers of reactive oxygen species, thereby protecting DNA, proteins, and lipids from oxidative damage and inducing proliferation, differentiation, and function of cells [63, 78] .
In Vivo Effects of Arginine on Successful Outcomes of Pregnancy
Arginine is particularly important in reproduction as a nutritionally essential amino acid for survival of the conceptus and growth and development of the embryo/fetus and neonate [63] . Dietary supplementation with Arg-HCl increases fetal survival in gilts [79] and embryonic survival and litter size in rats [80] . In a ewe model of both undernutrition-induced retardation and naturally occurring intrauterine growth retardation, intravenous administration of Arg-HCl enhances fetal growth [81] . Also, Arg administration ameliorates intrauterine growth retardation in ewes carrying multiple pregnancies [82] . There is evidence to show that supplemental arginine increases embryonic survival in ewes [83] . Also, in women with intrauterine growth retardation of their fetus at week 33 of gestation, daily intravenous infusions of arginine increases birth weight at term [84] .
There are other reports based on analyses of secretions collected via indwelling catheters that differences do not exist between amounts of glucose, arginine, glutamine and leucine due to treatment with P4 [85, 86] . However, female bovine blastocysts cultured in vitro had high rates of utilization of arginine, glutamate, and methionine, while male blastocysts preferred to utilize phenylalanine, tyrosine, and valine [87] . Overall, those authors found that in vitro-produced blastocysts exhibited sex-specific differences in metabolic profiles for utilization of 7 of 18 amino acids studied, while in vivoproduced blastocysts differed due to sex with respect to only 2 of 18 amino acids, glycine and valine. Those differences were not detected at the expanded blastocyst stages.
Roles of Secreted Phosphoprotein 1 in the Ovine Uterus During Pregnancy
SPP1 is an ECM protein belonging to the family of small integrin-binding ligand, N-linked glycoproteins (SIBLING) that affect bone mineralization, cancer metastasis, cellmediated immune responses, inflammation, angiogenesis, and cell survival [51, 88] by activating signaling cascades that promote cell survival, migration, and invasion of cells, including human trophoblast cells [6, 51] . SPP1 is linked to establishment and maintenance of pregnancy in ewes [51] and is a marker for uterine receptivity to implantation in humans [26, 89] . Multiple integrin receptors for SPP1 are expressed on Tr cells and uterine LE of humans and domestic animals, some of which increase during the peri-implantation period [6, 51, 90] . Both oTr and uterine LE exhibit integrin receptor activation and cytoskeletal reorganization in response to SPP1, and polymerized SPP1 has high tensile strength when simultaneously bound to receptors on different cells during adhesion and matrix assembly, including oTr cells [6] . Disruption of the Spp1 gene in mice decreases pregnancy rates at mid-gestation, and Spp1 À/À females deliver pups that are smaller pups than those of wild-type dams [91] .
SPP1 can bind many integrin heterodimers (avb1, avb3, avb5, avb6, avb8, a4b1, a5b1, and a8b1) via its Arg-Gly-Asp (RGD) sequence and bind a4b1 and a9b1 by other sequences to promote cell adhesion, spreading, and migration [51] . SPP1 is secreted by ovine uterine GE from Day 13 of pregnancy in response to P4 [33, 40, 41, 92] but is present earlier in uterine secretions due to its secretion by resident uterine immune cells. The predominant 45-kDa form of SPP1 in uterine flushings from pregnant ewes [51] has high binding affinity for the avb3 integrin heterodimer [93] . Binding of SPP1 to avb3 and possibly a5b1 integrin receptors on oTr cells stimulates adhesion and migration, but effects of SPP1 on oTr cell proliferation are either not significant [8] or, based on recent results (Wang, Wu, Johnson, and Bazer, unpublished results), are stimulatory in the presence of 5% fetal bovine serum. However, SPP1 likely affects cytoskeletal remodeling essential for elongation and adherence of oTr cells to uterine LE/sGE during the peri-implantation period and focal adhesion assembly required for oTr cell migration [8, 51] . SPP1 also stimulates MTORC1 cell signaling and migration in both human trophoblasts [88] and oTr cells [8] . Integrins bind ECM molecules like SPP1 to mediate adhesion (implantation), cytoskeletal reorganization to stabilize adhesion, cell motility, and cell hypertrophy and transduce cell signaling; all of which are events critical to implantation and placentation in all mammals [6] .
Our recent unpublished results (Johnson, Frank, Li, Bayless, Burghardt, Bazer, and Wu) indicate that SPP1 released by pig placentae increases ion transport from mother to conceptus. Day-60 pig placental tissue mounted in an Ussing chamber responds to SPP1 purified from cow's milk and recombinant rat SPP1 in a dose-and time-dependent manner to increase ion transport and transepithelial voltage, whereas recombinant rat SPP1 carrying RGD mutated to RAD does not stimulate ion transport. This is the first evidence to show that SPP1 and integrins stimulate transport of molecules such as water, glucose, and amino acids across epithelial barriers like uterine epithelia and chorioallantois.
Early Exogenous Progesterone Advances Conceptus Development, Expression of Progestamedins, and Transport of Select Nutrients
Growth and development of the conceptus is dependent on uterine LE/sGE and GE to produce histotroph in response to early exogenous P4, with effects of P4 likely mediated via progestamedins and IFNT [20, 21] . A delay in the increase in circulating concentrations of P4 during metestrus and diestrus is associated with retarded conceptus development and reduced or delayed secretion of IFNT on Day 17 in cattle [94] [95] [96] [97] . This delay adversely affects secretion of IFNT, which increases coordinately with elongation of the conceptus to the filamentous form up to Days 15 to 16 of pregnancy [20] .
An ovine model of early administration of exogenous P4 at 36 h after onset of estrus (i.e., approximately 6 h postovulation) shows significant increases in concentrations of P4 and advances in conceptus development and IFNT secretion [98] [99] [100] . Using this model, we determined that an early increase in circulating concentrations of P4, which results in earlier downregulation of PGR in uterine epithelia, resulted in an earlier increase in FGF10 expression and accelerated conceptus development [98] [99] [100] [101] . Furthermore, early P4 treatment resulted in (1) decreased tight-junction-associated proteins in uterine LE that may facilitate paracellular trafficking and/or transport of stromal and serum-derived molecules [99] ; (2) increased levels of glucose, aspartic acid, asparagine, and serine and alanine and glutamine and beta-alanine, citrulline, arginine, and lysine in the uterine lumen on Day 9 [100] ; (3) increased steady-state levels of SLC2A1 and SLC5A1 mRNAs and proteins in uterine LE/sGE for glucose transport; and (4) increased steady-state levels of SLC7A2 mRNA in uterine LE/ sGE for transport of arginine [100] .
UTERINE HISTOTROPH AND CONCEPTUS DEVELOPMENT Early P4 treatment in cattle also increases circulating concentrations of P4 and increases recovery rates and sizes of conceptuses on Days 13 [101, 102] and 16 of pregnancy [101] . These effects of P4 on conceptus development are mediated via the uterus and are not due to direct effects of P4 on the conceptus [103] . Early P4 treatment in cattle advances expression of genes associated with nutrient transport, including the SLC5A1 gene (glucose transporter [104] [105] [106] ). Thus, P4 modifies the uterine environment by enhancing the composition of histotroph by mechanisms that increase glucose, arginine, leucine, and glutamine and FGF10 in uterine histotroph, which then advances and enhances conceptus development (Fig. 4) .
SUMMARY AND CONCLUSIONS
Review of effects of SPP1 and select nutrients, particularly arginine, but also leucine, glutamine, and glucose, indicate differential effects on activation of the MTORC1 nutrient sensing pathway and focal adhesion assembly necessary for growth, development, and differentiation, and on implantation of the ovine conceptus during the peri-implantation period of pregnancy. Early exogenous P4 treatment increases circulating concentrations of P4 in blood that, in turn, increase the abundance of select nutrients, particularly arginine and glucose, in the uterine lumen, induces early down-regulation of PGR in uterine epithelia, accelerates blastocyst/conceptus growth and development, and advances onset of secretion of IFNT for pregnancy recognition signaling. The unique temporal and spatial expression of genes for nutrient transporters by uterine LE/sGE in direct contact with conceptus trophectoderm likely accounts for delivery of select nutrients critical to conceptus development. The role of IRF2 in uterine LE/sGE in silencing classical IFN-stimulated genes allows uterine LE/sGE to respond to P4 and IFNT by expressing a novel set of genes involved in nutrient transport, angiogenesis, cell proliferation, and differentiation and tissue remodeling critical to expansion of the ovine blastocyst and then its transition to tubular and filamentous forms for implantation and placentation. Advances in transport of select nutrients, particularly arginine and glucose, and in secretion of various proteins, including SPP1, by uterine LE/sGE and GE enrich uterine histotroph to support the advance conceptus development.
Ongoing research is aimed at determining the role of the MTORC2 pathway in conceptus elongation and mechanisms whereby P4, acting via progestamedins, acts additively or synergistically with IFNT to affect gene transcription. It is possible that glucose is metabolized by glutamine:fructose-6-phosphate amidotransferase 1 (GFPT1) to glucosamine-6-PO 4 and that glucosamine-6-PO 4 acts downstream of PIK3 but in a FRAP1-dependent manner to stimulate cell proliferation [107] . The glucosamine-6-P0 4 is converted to uridine diphosphate-Nacetylglucosamine (UDP-GlcNAC), which results in phosphorylation of TSC2 and activation of MTORC1 [92] . The differential effects of glucose-mediated effects on MTORC1 in oTr cells will be determined in future studies. In addition, effects of arginine on oTr cells via activation of RAC [48] and MAPK3/1 [49] that affect oTr cells is being investigated.
In summary, results from studies with sheep, mice, pigs, and cattle indicate the importance of the rate of increase in circulating concentrations of P4 postovulation to enhancing the uterine environment and conceptus development. Progesterone enhances the abundance of select nutrients in histotroph, which advances conceptus development and increases survival of conceptuses through activation of the MTORC1 nutrient sensing cell signaling pathway.
